We present the discovery of eight new radio pulsars located in the Large Magellanic Cloud (LMC). Five of these pulsars were found from reprocessing the Parkes Multibeam Survey of the Magellanic Clouds, while the remaining three were from an ongoing new survey at Parkes with a high resolution data acquisition system. It is possible that these pulsars were missed in the earlier processing due to radio frequency interference, visual judgment, or the large number of candidates that must be analysed. One of these new pulsars has a dispersion measure of 273 pc cm −3 , almost twice the highest previously known value, making it possibly the most distant LMC pulsar. In addition, we present the null result of a radio pulse search of an X-ray point source located in SNR J0047.2−7308 in the Small Magellanic Cloud (SMC). Although no millisecond pulsars have been found, these discoveries have increased the known rotation powered pulsar population in the LMC by more than 50%. Using the current sample of LMC pulsars, we used a Bayesian analysis to constrain the number of potentially observable pulsars in the LMC to within a 95% credible interval of 57000 +70000 −30000 . The new survey at Parkes is ∼20% complete and it is expected to yield at most six millisecond pulsars in the LMC and SMC. Although it is very sensitive to short period pulsars, this new survey provides only a marginal increase in sensitivity to long periods. The limiting luminosity for this survey is 125 mJy kpc 2 for the LMC which covers the upper 10% of all known radio pulsars. The luminosity function for normal pulsars in the LMC is consistent with their counterparts in the Galactic disk. The maximum 1400 MHz radio luminosity for LMC pulsars is ∼ 1000 mJy kpc 2 .
INTRODUCTION
Our nearest galactic neighbours, the Large and Small Magellanic Clouds (LMC and SMC), are irregular galaxies with a different star formation history than the Milky Way. They therefore represent very interesting targets for pulsar searches. Previous pulsar surveys of the Magellanic Clouds by , McConnell et al. (1991) , Crawford et al. (2001) , and Manchester et al. (2006) have discovered 13 radio pulsars in the LMC. In addition, two rotation-powered X-ray pulsars have been discovered (see Seward et al. (1984) and Marshall et al. (1998) ) leading to a total of fifteen known rotation-powered LMC pulsars. Five radio pulsars were also discovered in the SMC in the surveys by McConnell et al. (1991) , Crawford et al. (2001) , and Manchester et al. (2006) , yielding a total of twenty rotation powered pulsars in the Magellanic Clouds.
Pulsar surveys with the Parkes 20-cm multibeam receiver (Staveley-Smith et al. 1996) have been carried out along the plane of the Galaxy , at intermediate (Edwards et al. 2001 ) and high Galactic latitudes (Jacoby et al. 2003; Burgay et al. 2006) , and in the Magellanic Clouds ). These surveys have been very successful. Improved computer processing capabilities and search algorithms have inspired a reprocessing of these various Parkes Multibeam Surveys, most notably the Galactic plane survey, and have led to a large number of additional discoveries (Keith et al. 2009; Mickaliger et al. 2012; Eatough et al. 2013; Knispel et al. 2013) . In this paper, we present the discovery of five new radio pulsars in the LMC from a reanalysis of the Manchester et al. (2006) survey data and three from a high resolution survey of the LMC which we are conducting at Parkes for a total of eight new radio pulsars.
In Section 2, we introduce the searches that were performed. In Section 3, we explain the data reduction stage, including the dispersion measure (DM), period (P ), and acceleration search ranges. Our results are then presented in Section 4. We discuss the implications of our results in Section 5, and finally, in Section 6, we draw our conclusions.
OVERVIEW OF THE SEARCHES
Five separate searches using both new and archival data were performed in order to detect new radio pulsars in the SMC and LMC. Data from the Parkes Multibeam Survey of the Magellanic Clouds were reprocessed and searched using three different sets of search parameters. The first pass focused on low dispersion measures (up to 300 pc cm −3 ) and used a broad, coarse acceleration search. The second trial extended the DM range to 800 pc cm −3 and had a very fine acceleration search. The third search used the archival data to target beams that contained high-mass X-ray binaries (HMXBs) in the LMC. These survey beams were then reprocessed using a very intensive acceleration search. New data were processed from a deep search of an X-ray point source in the SMC and a new high resolution survey of the LMC using the Parkes Telescope.
Parkes Multibeam Survey
Archival data from the Parkes Multibeam Survey of the LMC and SMC were reprocessed and searched by each team. The original observations took place between May 2000 and November 2001. Using a centre frequency of 1374 MHz and a bandwidth of 288 MHz split into 96 channels, data were sampled every 1 ms for a total observing time of 8400 s per pointing . Due to increased computing power and search algorithms, allowing us to use lower signal-to-noise ratios and higher acceleration ranges (see Section 3), we were sensitive to lower luminosity and more highly accelerated pulsars than the Manchester et al. (2006) survey.
High-mass X-ray Binaries
The Magellanic Clouds have 128 catalogued HMXBs (Liu et al. 2005) , and this provided a large sample of sources to search for corresponding radio pulsar signals with a uniform sensitivity. Multiwavelength detection of a HMXB as a radio pulsar provides insight into the evolution of these systems and into the physics of the companion star (see, e.g., Thompson et al. (1994) and Grove et al. (1995) pertaining to PSR B1259−63).
Despite extensive study of these HMXB systems (both in the Galaxy and in the Magellanic Clouds) at X-ray wavelengths as both persistent and as transient/bursting sources, only four radio pulsars have been found to date to be orbiting similarly high-mass, non-degenerate companions: PSRs J0045−7319 (itself in the SMC, Kaspi et al. (1994) ), J1638-4725 (Lyne 2008) , J1740−3052 ), and B1259−63 (Johnston et al. 1992 . Of these, only PSR B1259−63 is a member of a Be/X-ray binary system. Is it the case that accretion and/or eclipsing from the donor prevents radio emission from being detectable in many cases? Perhaps, but some HMXBs may be detectable as radio pulsars during the non-accretion phases of their orbits, if their orbits are sufficiently wide. PSR B1259−63 is one of these wideorbit, eccentric systems, and it has been extensively studied as both a radio pulsar and transient X-ray source since its discovery more than twenty years ago (Johnston et al. 1992) , particularly at or near its periastron passages, which occur every 3.4 years. This system continues to provide exciting results using multiwavelength observations (see, e.g., Chernyakova et al. (2009 ), Khangulyan et al. (2012 ), and Kong et al. (2012 ).
HMXBs from the Magellanic Clouds High-Mass X-Ray Binaries Catalog (HEASARC) (Liu et al. 2005) were identified and checked for coincidence with the existing beams in the MC radio survey. These beams were then selected to run a directed search for radio emission using the Parkes Multibeam Survey data. Of the 128 HMXBs in the catalog, 36 had positions that were either not in a coincident beam or found near the edge of a beam (therefore yielding low sensitivity), 16 were found in beams with excessive radio frequency interference (RFI), which left 76 candidates to search. Since it is likely that a pulsar's signal would be highly accelerated, these beams were processed separately with a very fine acceleration search. Appendix A shows a list of all 76 HMXBs that were searched.
An SMC Point Source
We conducted a deep targeted radio search of SNR J0047.2−7308 which was centred on the X-ray point source identified within the SNR (see Dickel et al. (2001) ). These observations were conducted to look for radio pulsations from a putative pulsar at that location. Two separate search observations of duration 5.3 and 5.6 hours were conducted with the Parkes 64-m radio telescope in February 2008. These observations used the centre beam of the multibeam receiver with a centre frequency of 1390 MHz and 0.5 MHz filters giving a total bandwidth of 256 MHz . The observing setup and the observations themselves were identical to the search observation reported in detail by Crawford et al. (2009) which targeted XTE J0103−728, with the exception of the integration times and the sampling time used. In the radio observations reported here, a sampling time of 80 µs was employed to preserve sensitivity to millisecond pulsations from a young pulsar.
High Resolution LMC Survey
New surveys of the Large and Small Magellanic Clouds have recently been initiated using a new high resolution backend, the Berkeley-Parkes-Swinburne data recorder (BPSR), located at the Parkes Telescope (Keith et al. 2010). These surveys were performed using the multibeam receiver at Parkes with a centre frequency of 1374 MHz and a bandwidth of 340 MHz. Each pointing was observed for 8600 s and the data were sampled every 64 µs (see Ridley & Lorimer, in preparation) . These surveys of the LMC and SMC began in May 2009 and we plan to continue them until 2016. They are ∼ 20% complete with 49 out of 209 pointings observed and we report on the results to date.
DATA REDUCTION
The Parkes Multibeam data were searched multiple times with different search parameters. We first used the sigproc processing package 1 to search 60 DMs from 0 − 300 pc cm −3 using a minimum signal-to-noise ratio (S/N) of 9.0, and this search was sensitive to pulsars with periods from 10 ms to 10 s. A time-domain acceleration search, as implemented in the sigproc program seek, was performed over the range ±50 m/s 2 using intervals of 1 m/s 2 . Most pulsars in binary systems have accelerations up to 5 m/s 2 (Camilo et al. 2000) , however, some, such as PSR B1744−24A with a=33 m/s 2 (Lyne et al. 1990 ), can be significantly greater. To minimize the drifting of the signal across multiple Fourier bins due to the trial acceleration differing from the true acceleration, we chose a step size so that ∆a = cP/T 2 obs . With the 8400 s observations of the Parkes Multibeam Survey, the acceleration search was fully sensitive to all pulsars in binary systems having spin periods greater than 235 ms. The data were also searched for single bursts of radio emission having a pulse width between 64 µs and 65 ms. A minimum flux density threshold for a single pulse search can be calculated (see Cordes & McLaughlin 2003) as
where W is pulse width, Ssys is the system equivalent flux density (34 Jy averaged across all beams of the multibeam receiver), np is the number of polarisations summed (2 for our case), and ∆f is the receiver bandwidth. This made the search sensitive to giant bursts (of width 65 ms) having fluxes greater than 54 mJy. A deeper search was also performed using the sigproc processing package and searched 160 DMs over a range of 0 − 800 pc cm −3 . The Fourier S/N threshold used was 5.0, and all candidates above that were folded. However, after using the presto 2 program prepfold, only candidates with a resulting prepfold sigma 8.0 and greater were inspected. This allowed us to detect a candidate that might appear weak in the FFT but was then enhanced in the fold. Since sigproc conducts an incoherent sum of the harmonics in the Fourier search, and the folded data are coherently summed, a pulsar candidate can improve its signal-to-noise ratio significantly in the folded data and reveal an otherwise invisible pulsar. This method is, however, more computationallydemanding. An acceleration search was also performed with a range between ±10 m/s 2 using intervals of 0.1 m/s 2 which was fully sensitive to all pulsars with spin periods greater than 23.5 ms. Survey beams containing the 76 HMXBs were searched using periodicity, single pulse and acceleration searches. DMs up to 800 pc cm −3 (160 different DMs) were searched with candidates having a S/N greater than 5.0 being considered. Accelerations between ±20 m/s 2 with step sizes of 0.01 m/s 2 were tried, making this search fully sensitive to all binary pulsars having spin periods greater than 2.35 ms.
The pointed search observations of SNR J0047.2−7308 were analyzed to look for a radio periodicity from a possible pulsar. After excision of RFI via the presto program rfifind, each of the two data sets were dedispersed using a range of DMs from 0 to 800 pc cm −3 , which easily encompassed the expected DM range for pulsars in the SMC . Each separate dedispersed time series was Fourier transformed, and the resulting spectra were filtered and harmonically summed, then searched for candidate periodicities. Candidate signals were then checked by dedispersing and folding the data at DMs and periods near the candidate values. Each data set was also searched for dispersed impulsive signatures in case the source was an intermittent pulsar or rotating radio transient source ). The analysis closely followed the Fourier and single pulse search analysis of similar data described by Crawford et al. (2009) . No promising candidates were found in the Fourier or single pulse search of either data set.
RESULTS
Four pulsars were discovered in the reprocessing of the Parkes Multibeam Survey of the Magellanic Clouds data, while one pulsar was found in the search of HMXBs. An additional three pulsars were found in the initial processing of the high resolution LMC survey data. These pulsars were confirmed in separate observations at the Parkes Radio Telescope between 14 Jan 2011 and 24 June 2012. Some general properties of these eight new radio pulsars can be found in Table 1 , while their time-resolved and integrated pulse profiles are shown in Figure 1 .
Properties of 8 New Pulsars
These 8 new LMC pulsars encompass a wide range of periods and dispersion measures. The periods range from 1.133 s for J0458−67 down to 112 ms for J0537−69. The 112 ms pulsar is the second shortest period known for a radio pulsar in the LMC after PSR B0540−69. It is also possible that it could be a young pulsar. Further timing observations are now planned for this and the other new discoveries.
The range of dispersion measures of these pulsars is significant. Three of the newly discovered have DMs less than 100 pc cm −3 . However, it is likely that they are all associated with the LMC since their DMs are all >70 pc cm −3 , higher than the four lowest DM pulsars in the LMC, and well above the expected Galactic contribution to the DM in this direction (∼25 pc cm −3 ; Cordes & Lazio (2002)). PSR J0537−69, on the other hand, has a DM of 273 pc cm −3 . This is by far the highest DM of any known Magellanic Cloud pulsar (almost twice as high as the highest previously known dispersion measure of 146 pc cm −3 for PSR B0540), and indicates that it is likely the most distant LMC pulsar yet discovered.
SNR J0047.2−7308
No radio pulses were observed from the point-like source in the supernova remnant J0047.2−7308. The flux density limits on radio pulsations from the radio search depend on the period and duty cycle of any pulsations emitted by the source. For values that are typical for young pulsars (a 5% duty cycle and a spin period that is between a few tens and a few hundreds of milliseconds), the 1400 MHz flux density upper limit to pulsed emission from the blind Fourier search is ∼ 30 µJy. For a distance of 60 kpc to the SMC (Hilditch et al. 2005 ) and assuming a 1 sr beaming fraction for any radio emission, this corresponds to 1400 MHz radio luminosity of ∼ 100 mJy kpc 2 . The limits on singlepulse emission are comparable to those reported for the radio search of XTE J0103−728 in the SMC (Crawford et al. 2009 ).
DISCUSSION
The known LMC pulsar population has now increased to 23 pulsars with the addition of these 8 newly discovered pulsars. This is a 50% increase in the total number of LMC pulsars. In this section we discuss the DMs and flux densities of our new pulsars as compared to the previously known pulsars. Table 2 shows the properties of all currently known LMC pulsars.
Flux Densities
A comparison of the flux densities of the previously discovered (from Manchester et al. (2006) ) and newly discovered pulsars is found in Figure 2 . We note that our improvements in computational power and search algorithms have enabled us to detect some pulsars with flux densities higher than the previous survey's minimum flux. The flux values for the eight new pulsars were obtained via the radiometer equation,
where G is the telescope gain, np is the number of polarisations summed, Tsys is the system temperature of the telescope, and W and P are the pulse width and period. For these calculations we use G=0.735 K/Jy for the centre beam, G=0.690 K/Jy for the inner ring, and G=0.581 K/Jy for the outer ring (see Manchester et al. (2001) ), np=2, and Tsys=24 K. The pulse width, W , is assumed to be 0.05 P . Since the pulsars' positions are only known to within the beam radius, these quoted values are actually lower limits on their flux measurements.
Dispersion Measures
Most of the pulsars in both the Large and Small Magellanic Clouds have dispersion measures within the range of 65 − The increased sensitivities of the new survey are due to the increase in bandwidth, decrease in sampling time, and increase in number of frequency channels. The two pulsars below the survey thresholds (PSRs B0540−69 and J0535−66) were discovered using longer integration times.
150 pc cm −3 . PSR J0537−69 was discovered to have a DM of 273 pc cm −3 which makes it the most highly dispersed pulsar located in the direction of the LMC and probably the most distant. The DMs of all LMC pulsars (with the exception of the X-ray pulsar, J0537−6910) are plotted in Figure 3 .
The population of LMC pulsars
Using the current sample of pulsars in the LMC we applied the Bayesian techniques developed by Chennamangalam et al. (2013) to constrain the number of potentially detectable LMC pulsars. Here, we take prior knowledge of the flux densities of the LMC pulsars and the mean and standard deviation (µ and σ) of the log-normal luminosity function (Faucher-Giguère & Kaspi 2006) , the use of which is justified below in Section 5.4, to determine the population size (N ). We follow the procedure and used the code detailed in Chennamangalam et al. (2013) to carry out this analysis. Since the diffuse radio flux of the LMC is not uniquely connected to the pulsar population, our analysis did not make use of the techniques described in Section 2.3 of Chennamangalam et al., where the diffuse flux of the millisecond pulsars is used to constrain globular cluster pulsar populations. The Table 1 . List of newly discovered LMC pulsars, including the barycentred period, DM, epoch of discovery, integration time, and discovery survey. PM refers to the Parkes Multibeam Survey of the Magellanic Clouds reprocessing, BPSR is the High Resolution Survey, and HMXB is the targeted search of HMXBs. Parentheses represent the uncertainty in the last digit quoted. Right ascension is given in units of hours, minutes, and seconds, and the declination is given in units of degrees and arcminutes. The uncertainty in both RA and DEC is ±7 arcminutes. The uncertainty in DM was determined using prepfold plots, which is part of the presto package. X-ray pulsar, J0537−6910, does not have a measured radio flux and hence is not included in our analysis. Likewise, two pulsars (J0535−6935 and B0540−6919) were detected in targeted searches using much longer integration times than the surveys discussed here. They were also excluded yielding a total of 20 pulsars for this analysis. We assumed a distance of 49.97 ± 1.3 kpc to the LMC (Pietrzyński et al. 2013 ) and a minimum survey sensitivity of 0.05 mJy. Following Boyles et al. (2011) , we used the results of Ridley & Lorimer (2010a) to constrain the luminosity function priors to be flat in the ranges −1.19 < µ < −1.04 and 0.91 < σ < 0.98. This results in a posterior probability density function (see Figure 4) for the total number of potentially observable pulsars with a median of 57000
where the upper and lower limits are given by a 95% credible interval.
In an effort to further explore the luminosity function and underlying pulsar population we also tried a wide range of priors for µ and σ. In this analysis we allowed µ to vary between −2.0 and 0.5 and σ to vary between 0.2 and 1.4 according to Bagchi et al. (2011) . The resulting constraints on the number of pulsars and the luminosity function are summarized in Table 3 . The constraints on the total number of pulsars for these wide priors are consistent with the narrow prior results, albeit with large uncertainties. The currently observed population of LMC pulsars is not large enough to uniquely constrain the shape of the pulsar luminosity function. More sensitive surveys with future instruments would undoubtedly help to sample the fainter regions of the luminosity function and result in tighter constraints. 
Luminosity Distribution
The above analysis assumes the log-normal luminosity distribution found from studies of Galactic pulsars (Faucher-Giguère & Kaspi 2006 ). An interesting question to address with the growing sample of pulsars in the LMC is whether their luminosity distribution is indeed consistent with the Galactic population. To quantify this, we approximate the high-luminosity tail of the distribution as a power law, where the number of pulsars (N ) as a function of luminosity (L) can be written as follows:
Here C is a constant and α represents the slope of the distribution (Lorimer et al. 2006) . We obtain a slope of α = −1.2 for Galactic pulsars with L > 30 mJy kpc 2 , and a slope of α = −3.6 for LMC pulsars with L > 125 mJy kpc 2 (see Figure 5 ). At first glance, then, it appears that the slope and maximum luminosity of the two samples are markedly different.
To investigate this apparent discrepancy between the Galactic and LMC luminosity distributions we simulated the luminosities of pulsars found in the LMC and compared them with the observed distribution. We first gen-erated 20 pulsars using a power law model with α = −1.2 3 and plotted the resulting cumulative distribution function (CDF) along with the actual observed luminosities. We then simulated another set of 20 pulsars using the lognormal luminosity function values of µ = −1.1 and σ = 0.9 (Faucher-Giguère & Kaspi 2006). We ran 4 trials of each simulation type and plotted the results in Figure 5 . As can be seen, the luminosities of the simulated pulsars do not vary significantly from the observed luminosities. We conclude that, given the present statistics, the luminosity function of normal pulsars in the LMC is consistent with that of their counterparts in the Galaxy. Our assumption of the lognormal luminosity function in the previous section therefore appears to be completely justified by the present sample. We attribute the steeper slope of the observed LMC pulsars as a bias due to the smaller sample size. The higher maximum luminosity seen for Galactic pulsars may be due in part to significant distance uncertainties associated with the Cordes & Lazio electron density model which are not present in the LMC sample due to our adoption of a common distance from Pietrzyński et al. (2013) . A cap on the luminosity distribution, based on the LMC sample, seems to be approximately 1000 mJy kpc 2 .
Small Magellanic Cloud
Our reprocessing also searched the areas of the sky populated by the Small Magellanic Cloud. However, no new pulsars were detected. The smaller size of the cloud inherently leads to a fewer number of stars being present, hence the likelihood of detecting a pulsar is diminished. Ridley & Lorimer (2010b) estimated that there are 40% fewer pulsars in the SMC than in the LMC, or NSMC = 0.6 NLMC. Further decreasing our odds of a new discovery is the increased distance to the SMC of 60 kpc (Hilditch et al. 2005) . Since S = L×d 2 , the observed flux of an SMC pulsar as compared to an LMC pulsar is given by SSMC = SLMC 48.3 60 2 , meaning that the observed flux is reduced by 35%. The five currently known SMC pulsars are the most distant pulsars confirmed to date.
CONCLUSIONS
With the 8 new pulsars presented in this work there are now 23 known spin-powered pulsars known in the LMC, representing a 50% increase in the population. Based on these results, using a Bayesian analysis, we constrain the total population of potentially observable pulsars in the LMC to be 57000 +70000 −30000 (95% credible interval). The luminosity function of LMC pulsars is consistent with that of normal pulsars in the Galaxy. Our results suggest that the maximum 1400-MHz radio luminosity is 1000 mJy kpc 2 . Further work is being done to complete the high resolution BPSR survey of the LMC with the goal of establishing a deep and comprehensive survey of the entire galaxy. We hope to further increase the total number of known LMC pulsars and find the first extragalactic millisecond pulsars (see, e.g., Ridley & Lorimer (2010b) ). We are also conducting a BPSR survey of the SMC (Ridley & Lorimer, in preparation) to find fainter and more rapidly rotating pulsars in that galaxy. After observing 12 out of 73 planned pointings, no new pulsars have been detected, but a similar goal exists of performing an exhaustive search for pulsars in the SMC.
ACKNOWLEDGMENTS
The Parkes radio telescope is part of the Australia Telescope which is funded by the Commonwealth of Australia for operation as a National Facility managed by CSIRO. We thank Andrew Jameson, Matthew Bailes and Mike Keith for assistance with the BPSR data acquisition system. This work made use of the facilities of the ATNF Pulsar Catalogue. Summer support for SRB and computer resources at WVU used during this project were made possible by a WV EPSCoR Challenge Grant. DRL acknowledges support from the Research Corporation for Scientific Advancement as a Cottrell Scholar and current support from Oxford Astrophysics while on sabbatical leave. Student work at F&M was supported by the Hackman scholarship fund. We also thank the referee, Matthew Bailes, for helpful comments. Figure 5 . The cumulative distribution function for both Galactic and LMC pulsars. The left plot shows the Galactic pulsars (dots) and power law fit of α = −1.2 and the LMC pulsars (represented by an X) with the corresponding power law fit of α = −3.6. The right plot shows only the LMC pulsars with 4 simulated populations using the power law distribution (solid lines) and 4 simulated populations using the log-normal distribution (dotted lines). Table A1 . Catalog of 76 HMXBs in the LMC and SMC searched for radio pulsations and dispersed radio bursts. The X-ray type refers to whether the source is a pulsar (P), transient X-ray source (T), or ultra-soft X-ray spectrum (U) (see Liu et al. (2005) ). The RA is given in units of hours, minutes, and seconds, and the DEC is given in units of degrees, arcminutes, and arcseconds. 
